A quantitative description of the non-metallic inclusions removal from liquid steel is the most important element of secondary metallurgy. Authors made an attempt at calculating balance of Al2O3 particles during turbulent flow, which represents the steel refining conditions. For this purpose a special program was worked out. The agglomeration of non-metallic inclusions in liquid steel was modeled with the particle grouping method. Calculations were performed for steel with 300 and 500 ppm oxygen content. Then the quantity of generated aluminum oxide was calculated. Various mixing rates of the melt, corresponding to the actual conditions in the ladle, were applied. Simulations were performed for 6 groups of particles for the initial size of inclusions 1, 3, and 5 µm. The size interval for each group was predefined very strictly. The diameter increase and particle number reduction of the successive groups were graphically presented in plots. In the initial phase the rate of particle removal was very high, especially when high mixing energies were involved. This calculation procedure realistically describes the agglomeration and elimination of non-metallic inclusions in the secondary metallurgical processes and can be implemented for modeling this type of processes.
Introduction
Deoxidization of melt is a process accompanied by nonmetallic inclusion formation -products of steel and oxygen reaction are removed in the course of refinery processes. There are three major mechanisms used for removing inclusions from steel: fluctuation, agglomeration, and adhesion, with special emphasis on agglomeration. The agglomeration mechanism was described by many numerical models. Saffman and Turner [1] proposed a turbulent collision model with the participation of spherical particles acting on the principle of raindrops in a cloud, Linder [2] worked out deoxidization model with deoxidization plots, based on the Saffman and Turner model. Nakanishi and Szekely used the Saffman and Turner model to determine a dependence of deoxidization coefficient on mixing energy ε. This subject was also investigated in [3] [4] [5] [6] [7] [8] . Under real conditions three mechanisms of inclusions removal co-exist. Clusters of non-metallic particles concentrate in large sets of inclusions and have a negative impact on the properties of steel products. On the other hand, large agglomerations of large-diameter inclusions can be removed from liquid steel more easily [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Nakaoka [3] claimed that an adverse effect may take place during refining operations, i.e. agglomerates are decomposed into smaller clusters. This phenomenon takes place while intensely mixing liquid melt. In this case the frequency of such events depends on the intensity of mixing and so the speed of the particles and the matrix, leading to collisions with other * corresponding author; e-mail: dak@agh.edu.pl particles of the ladle; this results in the lack of coherence of the agglomerates [4, 5] .
Modeling of non-metallic inclusions removal through agglomeration encounters a number of difficulties relating to complex calculations of particles transport in equations describing balance of population, especially when the particles significantly differ in size. In view of the unsolved issues relating to the mechanism of non-metallic inclusion agglomeration, authors proposed another solution in which the aluminium oxide inclusions are removed by grouping particle sizes, as previously used in papers [3, 12] .
Direct observations of the behavior of Al 2 O 3 inclusions on the surface of low-carbon steel deoxidized with aluminium and containing 200 ppm of oxygen, presented in works [4, 5] allowed to identify a large number of individual Al 2 O 3 particles of 1 µm and bigger clusters composed of this phase. The particles start colliding almost immediately, though after about 2 min, 200 µm aggregates are formed. The removal of Al 2 O 3 inclusions by the clustering of solid particles into larger agglomerates in the refining processes was a starting point for a computer simulation performed in this paper.
Particle clustering method
When applying the population balance equation along with the collision frequency equation, the solution can be obtained by considering the size of each particle separately. In the presence of a great number of nonmetallic inclusions in the steel deoxidization processes, calculations are impossible. In this situation the particle size grouping (PSG) method can be used as it mainly refers to the clustering of solid particles into agglomer-
ates [3] . In this method the set of particles is divided into M groups. The volume of particles in each group varies from v 1 to v M , and their diameters from a 1 to a M . The following relation exists for the volumes of inclusions:
A particle is represented by a k , which means that the particle diameter stays between two threshold values
If particles belonging to two groups meet, a new particle of different size is formed. It was assumed in the paper that R v = 2, which means that the critical particle is formed by two one level lower particles v k−1 . Agglomeration formed by particles classified within k − 1 group gives a new particle of different size than that group. The new particle is classified to group k if its size exceeds the classification threshold. Otherwise it is again classified as k −1. This means that one particle is formed of two particles, which causes the total decrease of the number of particles in the liquid metal area, and remaining in the group of the particles decreases the number of its elements. When the assumption that collision of particles from the interval i c,−1 to k − 1 generates a particle k is met, the population balance equation has the following form [3] :
where n * k = n k /N 0 -density of particles of a given size is referred to the initial density of particles N 0 , t
, r 1 -radius of elementary monomers, N 0 -initial number of particles in a unit of volume, N M -number of basic particles clustering to form agglomerations, ξ, ζ -correction coefficients for particle density in group,
Member of the right side denotes:
• participation of collisions, where particles "k" are formed from particles "k-1", • participation of collisions with small particles, where particles "k" remain particles "k", • participation of collisions, where particles "k" become larger particles than "k".
Results of calculations
The oxygen content in liquid steel after preliminary deoxidization stays on a level of 300-500 ppm, i.e. about 6 × 10 14 of Al 2 O 3 particles of size 1 µm can be found in 1 m 3 of steel. The following data were assumed for calculations: coefficient α = 1, initial number of particles N 0 = 50000/m 3 . Literature abounds in discrepancies on the assumed time value. Zhang et al. [13] assumed t * = 2.37×10 6 ×t. This value depends on a number of factors, i.e. size of the particle, energy of mixing and number of particles in a unit of volume. Authors calculated the reduced time t * = 8.646 × t for the number of particles of about 6 × 10 14 and energy of mixing ε = 0.0001 m 2 /s. The value of energy of mixing -assumed after Taniguchi et al. [8] -corresponds to the conditions of metallurgical processes taking place in a ladle. Exemplary calculations for Al 2 O 3 particles of radius 1, 3, and 5 µm are presented in the paper. The distribution of particle clusters' density was exemplified on 6 groups. Oxide particle agglomeration curves for the initial particle of 1-5 µm and the initial number of particles in the system N 0 = 50000/m For a small initial size of Al 2 O 3 particles (1 µm) (Fig. 1) even at considerable increase of precipitated particles and their transition to higher size groups is slower than in particle having bigger initial size (Figs. 2 to 3 ). This process is six times slower as compared with particles of initial size equal to 5 µm. At the first stage of the agglomeration process, the decreasing amount of inclusions in the first group is very fast (Figs. 2 to 3 ), till 80% of particles of the first group are removed in 80 s (Fig. 2) , whereas for the initial size of particles of 1 to 5 µm this process takes place in 12 s (Fig. 3) . At the further stage the density of particles in the first group minimally decreases, which is caused by a small amount of inclusions in them.
Conclusions
The presented model visualizes the dynamics of aluminum oxide in a melt during refining processes. The agglomeration of non-metallic particles does not mean that they were removed from liquid steel. Inclusions outflow and are assimilated by slag. Then they adhere to the ceramic lining, which has not been accounted for in the presented model. As a result of agglomeration, bigger and bigger particles are formed. The assumed number of basic (smallest) particles remains constant during agglomeration, though they are clustered differently. They form agglomerates consisting of particles, the number of which increases with the process duration. This process accelerates considerably for particles of larger radius (Fig. 3) . The model accounts for the removal of particles belonging to a given group by collision with particles of the same group, lower group or all higher groups. It does not take into account the removal of smaller particles due to the transition to slag after they have been carried by the stream of gas to the division surface. The plots represent the dynamics of the agglomeration process in its initial stage. After the assumed time elapses about 1% of particles of each group is left. Their removal lasts much longer as the probability of a collision considerably increases.
